Recent advances in global flow routing schemes have shown the importance of using high-resolution topography for representing floodplain inundation dynamics more reliably. This study presents and evaluates the Hydrological Modeling and Analysis Platform (HyMAP), which is a global flow routing scheme specifically designed to bridge the gap between current state-of-the-art global flow routing schemes by combining their main features and introducing new features to better capture floodplain dynamics. The ultimate goals of HyMAP are to provide the scientific community with a novel scheme suited to the assimilation of satellite altimetry data for global water discharge forecasts and a model that can be potentially coupled with atmospheric models. In this first model evaluation, HyMAP is coupled with the Interactions between SoilBiosphere-Atmosphere (ISBA) land surface model in order to simulate the surface water dynamics in the Amazon basin. The model is evaluated over the 1986-2006 period against an unprecedented source of information, including in situ and satellite-based datasets of water discharge and level, flow velocity, and floodplain extent. Results show that the model can satisfactorily simulate the large-scale features of the water surface dynamics of the Amazon River basin. Among all stream gauges considered, 23% have Nash-Sutcliffe coefficients (NS) higher than 0.50 and 68% above zero. About 28% of the stations have volume errors lower than 15%. Simulated discharges at Ó bidos had NS 5 0.89. Time series of simulated floodplains at the basin scale agrees well with satellite-based estimates, with a relative error of 7% and correlation of 0.89. These results indicate nonnegligible improvements in comparison to previous studies for the same region.
Introduction
A better understanding of freshwater flux and storage over the continents has been the subject of numerous studies in the last few decades. Indeed, understanding surface water dynamics (including floodplain, wetlands, inundations, etc.) is fundamental given its role in the continental water and energy cycle. For instance, it has been demonstrated that wetland areas, covering about 5% of the earth's land surface (Prigent et al. 2007) , can play an important role within the climate system variability. Continental surface waters also influence the surface energy balance and feedback effects between the land surface and atmosphere (Krinner 2003; Mohamed et al. 2005) . They also play an important role on water discharges of large rivers, sediment dynamics (Dunne et al. 1998) , and freshwater chemistry (e.g., Melack et al. 2004 ). Finally, wetlands have been shown to have a significant impact on the interannual variability of global methane emissions (Bousquet et al. 2006) .
The numerical modeling of the horizontal fluxes of land surface waters is traditionally performed by flow routing schemes (FRSs), which are often driven by surface runoff R and subsurface runoff (or baseflow, B) rates derived from land surface models (LSMs), or coupled with hydrological models composed of simplified vertical energy and water balance schemes.
The first attempts in simulating global land surface hydrology were based on linear relationships between water volume storage and discharge, assuming linear reservoirs with constant residence times (e.g., Vö rö smarty et al. 1989), constant (e.g., Oki and Sud 1998) , and variable flow velocity y based on empirical equations based on river morphology and topography gradient (e.g., Miller et al. 1994) . The coarse spatial resolutions used by these models, varying between 0.58 and 2.58,w e r e mainly due to computational limitations or in order for the models to be compatible with typical general circulation models (GCMs) at that time.
Recent studies have improved the parameterization of FRS by considering the flow routing at the subgrid scale using linear reservoirs; flow routing between grid cells based on simplified formulations of the SaintVenant equations, such as the kinematic and diffusive wave equations; interactions between rivers and floodplains; and evaporation from open waters (Dö ll et al. 2003; Decharme et al. 2012; Yamazaki et al. 2011) . Also, recent advances in data availability, resolution, and processing allow one to simulate land surface hydrology globally at a 0.258-0.508 spatial resolution and subdaily time steps. In particular, a few parameterizations can represent floodplain dynamics in FRS by taking into account topographic information from high-resolution digital elevation models (DEMs) in order to characterize the flooded area 3 water height relation within a grid cell. These schemes are based on statistical functions (e.g., Coe et al. 2008; Dadson et al. 2010) or elevation profiles (Decharme et al. 2012; Yamazaki et al. 2011) , and are able to represent both the water storage and water fluxes between rivers and floodplains within a grid cell at the large scale. However, they still do not account for water fluxes through inundated areas. On the other hand, it has been demonstrated that floodplains can alter the water transport in large basins such as the Amazon basin (Richey et al. 1989) . This physical process is explicitly represented by meso-and regional-scale hydrodynamic models (e.g., Estrela and Quintas 1994; Horritt and Bates 2002; Biancamaria et al. 2009; Paiva et al. 2012) , but the application of such approaches at the global scale is computationally prohibitive.
While coupling LSMs and FRSs in online mode can require complex programming, the implementation of offline LSM-FRS systems is a straightforward solution for reproducing horizontal water fluxes from LSM outputs over the continents. The offline mode coupling consists in, as a first step, running a given LSM and then, as a postprocessing step, using R and B derived from the land surface model as inputs of the FRS. This two-step procedure allows one to promptly convert runoff from any land surface model into streamflow. On the other hand, offline mode runs prevent LSMs from benefitting from FRS feedbacks, such as the spatiotemporal distribution of wetlands and flooded zones, which could account for a better simulation of evapotranspiration and soil moisture-particularly, considering that evaporation from floodplains in the vertical water and energy balance of an LSM can significantly improve water discharge simulations, as demonstrated by Decharme et al. (2012) .
The aforementioned issues are addressed in the present paper. A new global FRS, the Hydrological Modeling and Analysis Platform (HyMAP), is presented and evaluated. HyMAP was specially developed to route LSM outputs in offline mode, taking into account water surface dynamics and representing the runoff and baseflow time delays, the interaction between rivers and floodplains, floodplain water flow among grid cells, and evaporation from open waters.
As a first experiment, HyMAP is coupled with the Interactions between Soil-Biosphere-Atmosphere (ISBA) LSM (Noilhan and Mahfouf 1996) in offline mode and has its performance evaluated in the Amazon basin over the 1986-2006 period at 0.258 spatial resolution. The Princeton University 3-hourly atmospheric dataset (Sheffield et al. 2006 ) is used as input to force the system. The model is extensively evaluated using both in situ and satellite-based observations, including in situ water discharge and flow velocity made available by the Brazilian Water Agency [Agê ncia Nacional de Á guas (ANA)], along with radar altimetry data acquired by Envisat and multisatellite-derived estimates of inundation extent at a 0.258 spatial resolution (Prigent et al. 2007; Papa et al. 2010 ). This paper is organized into five sections. Section 2 presents a detailed description of HyMAP and the model parameterization. The experimental design, forcings, and evaluation datasets are described in section 3. Results and discussion are shown in section 4, and the conclusions are provided in section 5.
HyMAP: The Hydrological Modeling and Analysis Platform
HyMAP is a global-scale flow routing scheme specifically designed to be coupled with any LSM in offline mode. The model has been developed in the framework of the future Surface Water and Ocean Topography (SWOT) mission, planned to be launched within the decade and which will provide high-resolution characterization of water surface elevations with two-dimensional global maps of terrestrial surface water extent and storage changes ). The objective is to have a modeling system capable of assimilating SWOT data toward a near-real-time global estimation of water discharge.
HyMAP is inspired by the Catchment-based Macroscale Floodplain (CaMa-Flood) model (Yamazaki et al. 2011 ) and ISBA-Total Runoff Integrating Pathways (TRIP; Decharme et al. 2012 ) global flow routing schemes in that it simulates the horizontal water fluxes over continental surfaces where the runoff and baseflow (in this study, baseflow represents the vertical flux from unsaturated soil layer to saturated layer) generated by an LSM are routed through a prescribed river network to oceans or inland seas. The model simulates water level, discharge, and storage in rivers and floodplains at the daily time step with internal computational time steps that can be adjusted between a few minutes to several hours. The model is composed of four modules accounting for 1) the surface runoff and groundwater baseflow time delays, 2) a river-floodplain interface, 3) flow routing in river channels and floodplains, and 4) evaporation from open water surfaces. The main advances in the representation of physical processes in comparison to the previous two models are the introduction of time delays for both runoff and baseflow (section 2a), a floodplain elevation profile accounting for the representation of river surfaces (section 2b), the flow routing within the floodplain (section 2c), and the computation of surface water evaporation in offline LSM-FRS systems (section 2d). Also, HyMAP combines a relatively high spatial resolution of 0.258 with spatially distributed parameters. Figure 1 presents a schematic with the main variables of the model.
The runoff and baseflow generated by an LSM pass through the surface water or groundwater linear reservoirs, respectively, and then are routed using a kinematic wave formulation through a prescribed river network to oceans or inland seas. The river network is represented by a river channel reservoir and a floodplain reservoir in each grid cell. Similar to CaMa-Flood, river channel and floodplain are treated as continuous reservoirs in that water spilling from the river channel is stored in the floodplain. At each time step, the inflow water is redistributed between the river channel and floodplain reservoirs following stage-volume relationships derived from the topography of each grid cell. The outflow is then calculated independently for both floodplain and river considering different water depths and roughness coefficients.
Lowland topography and river network characteristics such as river length and slope are prescribed on FIG. 1. Schematic of a river channel reservoir and a floodplain reservoir within a grid cell as represented in HyMAP.
a subgrid-scale basis according to the Flexible Location of Waterways (FLOW) method (Yamazaki et al. 2009 ). The fine-resolution flow direction map is given by the 1-km-resolution Global Drainage Basin Database (GDBD; Masutomi et al. 2009 ). The upscaling procedures for delineating coarse-resolution drainage areas and for extracting other river network parameters-such as flow directions, river length, and slope from GDBDare described in Yamazaki et al. (2011) . Figure 2 shows the river network map for the Amazon River and a snapshot of the subgrid data processing as prescribed by FLOW. River width and bankfull height are derived from empirical relationships, which are functions of the average discharge. Water flow among grid cells is computed for both rivers and floodplains using the kinematic wave equation. Floodplain slope is the same as river's for simplicity. Manning's coefficients are spatially distributed according to river geometry and global land cover types. Decharme et al. (2012) , using ISBA-TRIP in online mode, have demonstrated that the evaporation from floodplains are essential to better estimate the water balance in arid regions subjected to monsoon regimes, such as the Parana and Niger River basins. The authors showed that considering floodplains can significantly increase the evapotranspiration, thereby decreasing the mean discharge in such regions, which was shown to improve results. The baseflow time delay factor T b is assumed to be spatially uniform and constant in time. The current parameterization of HyMAP coupled with ISBA defines T b 5 45 days. This value can be changed when other LSMs are used to force the flow routing scheme. The quantity T s is computed for each grid cell from Kirpich (1940) :
where Dx j (km) is the distance between the farthest point within a grid cell and its outlet, and 
where A c stands for the gridcell area.
b. Module 2: The river-floodplain interface
The numerical representation of river channels and floodplains are similar to that in CaMa-Flood (Yamazaki et al. 2011 ) and ISBA-TRIP (Decharme et al. 2012) . The river channel reservoir of a grid cell is defined using three parameters: channel length L (m); channel width W (m); and bank height H (m). If the actual water height in the river channel h r (m) is higher than H, water is exchanged between river and floodplain reservoirs. This process is considered instantaneous at each time step so that water surface elevations of the river channel and the floodplain are the same.
A floodplain reservoir has a parameter for the unit catchment area A c and a floodplain elevation profile, h f 5 f(A f ). The topographic parameters used to create the elevation profile are derived from the 30 arc-second Shuttle Radar Topography Mission (SRTM30) DEM processed with the FLOW method (Yamazaki et al. 2009 ). The errors of SRTM30 DEM due to the limitations of satellite radar sensing (e.g., vegetation canopies, subpixel-sized structures, and random radar speckle) are removed as much as possible before applying the FLOW algorithm for deriving the topographic parameters. The method applied for SRTM30 error correction is summarized in Yamazaki et al. (2012) .
Some examples of floodplain elevation profile suggested by Decharme et al. (2012) and Yamazaki et al. (2011) consider that all of the surface area within a grid cell can be potentially flooded, neglecting the existence of the river surface (Fig. 3a) . Indeed, it is a difficult task to define reliable river surfaces globally since river geometry is generally defined using statistical relationships: no global land cover dataset with sufficient spatial resolution is currently available to derive precise river widths. In this sense, a simple solution is suggested in this study. First, the bankfull river surface is defined as the product between the river length derived from the DEM processing and the river width obtained from an empirical equation (see below). Also, it is assumed that rivers are always composed by the lowest subgrid pixels within a grid cell. Then, the elevation of the highest ''river pixel'' is subtracted from the elevation profile (Fig. 3b) . In this sense, for any river water storage more than zero, the grid cell will have a minimum water surface corresponding to the river surface area.
The river channel and floodplain water exchanges at each time step are represented as follows: 
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where subscripts r and f represent river channel and floodplain variables, respectively. The quantity S (m 3 ) stands for the total water storage in the grid cell, S r (m 3 ) and S f (m 3 ) the river channel and floodplain water storages, h r (m) and h f (m) water depths, W (m) the river width, L (m) the river length, and A f (m 2 ) the flooded area. The S r max (m 3 ) stands for the river bankfull water storage, and is given as S r max 5 H 3 W 3 L, where H (m) is the river bankfull height.
The temporal change of water storage in river channels and floodplains of a grid cell S is defined by the continuity Eq. (6) considering linear reservoir outputs, river and floodplain discharges to the downstream grid point, river and floodplain discharges from the upstream grid points, and evaporation from the floodplains:
where t is time, and dt represents the time step. The index k stands for the nUp upstream grid cells of the target grid point.
c. Module 3: Flow routing in river channels and floodplains
Water discharge in both the river and the floodplain is calculated by the kinematic wave equation. Using the Manning formula for a rectangular cross section and large width-to-depth ratio, water discharge in the river channel Q r (m 3 s 21 ) can be defined as
where n r is the roughness coefficient for rivers; i r is a constant riverbed slope derived from topographic information and corresponds to the slope between the target and downstream grid cells. Similarly, water discharge in the floodplains Q f (m 3 s
21
) is given as
where As f (m 2 ) is the floodplain cross-sectional area, y f (m s 21 ) the mean flow velocity through the floodplain section, and w f (m) and h f (m) stand for the mean width and depth of the floodplains, respectively, which are computed as follows:
The quantity y f can be defined by using Eqs. (8) and (9) in the Manning formula:
where n f is the Manning roughness coefficient for floodplains that varies according to the vegetation type (see below) and, for simplicity, i f is considered equal to i r . Finally, combining Eqs. (7) and (10) yields
1) RIVER WIDTH AND DEPTH
Although flow routing schemes are very sensitive to the accuracy of river geometry, these data are very scarce on the global scale. In this sense, empirical methods are normally employed to determine river width and depth spatially. These methods can be functions of hydrological or geomorphological characteristics (e.g., drainage area and water discharge) and have been largely used in the literature for large-scale hydrological modeling (e.g., Arora and Boer 2001; Coe et al. 2008; Decharme et al. 2012; Yamazaki et al. 2011) . In HyMAP, river width is defined for each grid cell based on an empirical relationship between W and the mean annual discharge:
where Q med (m 3 s 21 ) is the annual mean discharge in each grid cell estimated using the global runoff database from Cogley (2003) . As suggested by Decharme et al. (2012) , b is defined for five different hydrological regions of the world (see 
2) MANNING COEFFICIENT FOR RIVER CHANNELS
AND FLOODPLAINS
The Manning roughness coefficient n is an empirical parameter and general values can be prescribed for most types of channels and surfaces. For practical reasons, in many studies, n is considered constant for the whole domain, with values of about n 5 0.03 for open channels. HyMAP considers the spatial variability of n in both rivers and floodplains as functions of land cover and water depth. In this study, the Manning coefficient of river channels n r varies according the following formula:
n min 5 0:03 n max 5 0:05,
where n max and n min are the maximum and the minimum values of the Manning coefficient selected from values suggested in the literature (Chow 1959) and H max and H min the maximum and minimum river depths as provided by Eq. (9).
The Manning coefficient for floodplains n f is spatially distributed as a function of 12 land cover types at 0.258 resolution derived from the 1-km ECOCLIMAP dataset (Masson et al. 2003) . The n f values are larger in tropical forests and lower for bare soils and rocks. The 12 vegetation types are described in Table 1 . A similar solution, as suggested by Decharme et al. (2012) , is used:
where lcov i stands for the gridcell fraction of each vegetation type i listed in Table 1 and n fi the respective Manning roughness coefficient for floodplains. Figure 4 shows the global distribution of both n r and n f . Manning values for floodplains have also been determined based on previous studies found in the literature.
d. Module 4: Evaporation from floodplains
A simple approach is used to estimate the evaporation from the open waters E w (m 3 day 21 ). First, the potential evaporation E (mm day 
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where Shuttleworth (1993) . For simplification purposes, water albedo and emissivity were fixed as 0.07 and 1, respectively. Then, the real or actual evapotranspiration rate ET (mm day 21 ) diagnosed by the LSM, is subtracted from E and the result is multiplied by the water surface A f , resulting in the effective evaporation from open waters:
The computation is done once per day using standard input meteorological forcing variables and assuming that the water in the floodplains and river have the same temperature as the air (a predicted or prescribed surface water temperature is not needed). This is consistent with the neglect of stability corrections in the PenmanMonteith equation (using the daily time step).
Experimental design
HyMAP was run over the Amazon basin at the 0.258 spatial resolution during the 1986-2006 period. The model time step was set as 15 min and outputs provided as daily averages. Daily surface runoff and baseflow derived from ISBA are used as inputs in HyMAP. Meteorological forcings and the total evapotranspiration calculated by ISBA are also needed to estimate the remaining energy available for the evaporation from open waters. Since the coupling is performed in offline mode, there is no feedback from HyMAP to ISBA, which implies that floodplains do not cause reinfiltration into the LSM or influence the soil moisture. Main land surface parameters used by ISBA-such as land cover, vegetation parameters, soil textural properties, and topography-are not discussed (a full description can be found in Decharme et al. 2012 ).
a. Meteorological forcings
The meteorological dataset used as forcing for ISBA is provided by Princeton University on a 3-hourly time step and at a 18 resolution (Sheffield et al. 2006 ). This dataset is based on the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis. Sheffield et al. (2006) carried out corrections of the systematic biases in the 6-hourly NCEP-NCAR reanalyses via hybridization with global monthly gridded observations. In addition, the precipitation was disaggregated in both space and time at 18 resolution via statistical downscaling and at 3-hourly time step using information from the 3-hourly Tropical Rainfall Measuring Mission (TRMM) dataset. The 3-hourly precipitation from Sheffield et al. (2006) are then hybridized to match the monthly value from the Global Precipitation Climatology Center (GPCC) Full Data Product V4, as proposed in Decharme et al. (2012) .
b. Evaluation dataset

1) IN SITU OBSERVATIONS
Daily observed water discharge data at 172 gauging stations operated by the Brazilian Water Agency (ANA) are used to evaluate HyMAP streamflows. These gauging stations have time series with at least one year of observations within the 1986-2006 period. Observed water discharge at both Jatuarana and Careiro stations, located along the Amazon River, can be summed providing the water discharge downstream Negro River's confluence. The ''new station'' is called Jatuarana1 Careiro or station 2.
Observed flow velocities (y) at 153 gauging stations with areas bigger than 15 000 km 2 are also considered in the evaluation procedure. These data are also maintained by ANA and acquired only a few times per year in order to calibrate rating curves. Available y values are averages of numerous instantaneous and quasi-instantaneous TABLE 1. Land cover types and respective Manning roughness coefficients for floodplains n f . The land cover classification is specified by the 1-km ECOCLIMAP dataset (Masson et al. 2003 . Errors of in situ data are generally on the order of 10%-15% and can be mainly caused by imperfect samplings at actual cross sections with considerable velocity gradients.
2) RADAR ALTIMETRY DATA Data provided by the altimeter on board the Envisat satellite are considered in this study. Envisat orbits on a 35-day temporal resolution (duration of the orbital cycle) from latitude 81.58Nto81.58S, and 70-km intertrack spacing at the equator. The ranges used in this study are those issued by the ICE-1 algorithm (Bamber 1994) . 
3) FLOODPLAIN EXTENT FROM MULTISATELLITE
TECHNIQUE
Floodplains simulated by HyMAP were evaluated against the multisatellite estimates of surface water extent from Papa et al. (2010 Because the dataset makes no distinction between floodplains and other kinds of surface water bodiesincluding lakes, anthropogenic and natural reservoirs, or irrigated agriculture- Decharme et al. (2012) show that a hybrid version of P10 is more suitable to be directly compared with the simulated floodplain extents derived from flow routing schemes such as HyMAP or ISBA-TRIP. Following a similar approach, the Global Lakes and Wetland Database (GLWD) and the Monthly Irrigated and Rainfed Crop Areas (MIRCA2000) products were used to build an alternative product to P10 that is more comparable with model simulations. The GLWD data (Lehner and Dö ll 2004) gives the global distribution of 12 types of surface water bodies, including lakes, wetland, and floodplains at 30-arc-second resolution (;1k m at the equator), and the MIRCA2000 product (Portmann et al. 2010) provides the classification of 26 irrigated crops for each month of a year around the year 2000 at 5-arcminute resolution (;9.2 km at the equator). In this study, both products are resized to fit the 0.258 model grid. Decharme et al. (2012) 's technique consists of subtracting the GLWD lakes and bogs, fen, and mire areas (LGLWD), as well as the MIRCA2000 annual cycle I mth , from P10 where the GLWD rivers, floodplains, and intermittent lake/floodplain areas (FGLWD) exist:
where FLD obs stands for the new final product and t the time step in months.
Results and discussion
a. Evaluation of water discharges
About 50% of the stations have drainage areas bigger than 30 000 km 2 . This large dataset provides the unique opportunity for thoroughly evaluating a flow routing scheme over the Amazon basin. Based on observations at eight stations (gauging stations 1, 2, 3, 4, 7, 9, 11, and 13), one can notice in Fig. 5 a changing water discharge regime along the Solimõ es-Amazon main stream. In the upper part of the Solimõ es River, a large gradient (resulting owing to the relatively close proximity to the Andes) causes the noisy annual cycles with abrupt changes, as seen at stations 13 (Tabatinga), 11 (Teresina), 9 (São Paulo de Olivença), and 7 (Santo Antonio do Iça). In the lower part, high and smooth water discharges at stations 4 (Itapeua), 3 (Manacapuru), 2 (Jatuarana1Careiro), and 1(Ó bidos) are a result of both the diffusive effect of a low gradient in lowlands and water storage in floodplains and the massive contribution of important tributaries such as the Purus, Madeira, and Negro Rivers.
Daily water discharges have been quantitatively evaluated by means of three performance coefficients: the delay index (DI) (days), the Nash-Sutcliffe coefficient (NS), and the volume error of streamflows (DV). The delay index (DI) (days) is used to measure errors related to time delay between simulated and observed hydrographs. The DI is computed using the cross-correlation function Rxy (m) from simulated (x) and observed (y) time series, where DI equals the value of the time lag m where Rxy (m) is maximum (Paiva et al. 2012 ). The quantities NS and DV are represented by the following equations:
DV 5
where t is the time step; nt the total number of days with observed data; x and y are, respectively, the simulated and target (observed) signals at time step t; and y is the mean value of the target signals for the entire period. The NS ranges from 2' to 1, where 1 is the optimal case and 0 is when simulations represent observed signals as well as the mean value. One can obtain RE values in percentage by multiplying by 100. Results show that HyMAP can satisfactorily reproduce water discharges along the Solimõ es-Amazon main stream, representing well the aforementioned discharge characteristics. At Ó bidos, the gauging station representing most of the Amazon basin outflow, located about 800 km upstream from the river mouth, discharges are very well simulated with NS 5 0.89. This result shows improvements in comparison with previous daily water discharge simulations at Ó bidos, where NS values reached 0.78 and 0.83 with kinematic and diffusive wave equations, respectively (Yamazaki et al. 2011) . Simulations with ISBA-TRIP resulted in NS values of 0.69 in offline mode (i.e., without floodplains) and 0.83 in online mode (i.e., with floodplains accounting for soil moisture and evaporation from open waters). The slightly improved performance with this model can be partially explained by the fact that both of the aforementioned models are simpler than HyMAP with respect to the horizontal water flow parameterization such as a limited representation of physical processes, global-scale parameter estimation, and, in the case of ISBA-TRIP, coarser spatial resolution. Simulated wave peaks are in phase with observations with a mean delay of only two days (DI 5 2). Mean simulated water discharge overestimates the observations by about 5%. This error is easily perceptible during peaks and can be mainly attributed to forcing uncertainties over the basin. HyMAP also performed very well at stations 2, 3, and 4, all of which are located along the lower Solimõ es-Amazon main stream, with NS values varying from 0.74 to 0.84 and relative errors (RE) from 26% to 2%. On average, simulated discharge peaks occur 3-7 days before observations at these stations. Except for station 2, all of these gauging stations experience slightly overestimated peaks, as shown in Fig. 5 .
Simulated discharges at gauging stations 7, 9, 11, and 13 have NS coefficients between 0.21 (station 13) and 0.36 (station 7). Simulations represent well dry seasons but underestimate peaks systematically, resulting in negative volume errors RE ranging from 213% (station 13) to 222% (station 11). Overall, HyMAP has very good discharge simulations at the basinwide scale. Better results are obtained in larger rivers while smaller tributaries had medium or poor performances. This is expected and fairly typical of such large-scale models since the precipitation and basin parameter errors are larger at small scales. As shown in Fig. 6 , among all stream gauges used in the evaluation process, 39 (or 23% of the total) have NS higher than 0.50 and 117 (or 68%) have values above zero. About 28% of the stations have volume errors lower than 15% and they are located mostly in the western and central parts of the basin. As shown in Fig. 7 , the overestimated mean discharges in most rivers draining over the southern part of the basin are probably a result of errors in the forcings. For instance, the mean discharges in the Madeira River are overestimated in about 32% at Fazenda Vista Alegre (station 5). Similar results are obtained for the Purus (RE 5 32% at Gavião-station 29), Tapajó s(RE5 35% at Itaituba-station 15), and Xingu (RE 5 82% at Altamira-station 16). At these same stations, DI values are of 23, 22, and 13 days, respectively, and NS values of 0.43, 0.13, and 20.21. Good results are obtained for the Negro River at Serrinha (station 21), with NS 5 0.67, DI 5 2 days, and RE 5 2%. High delay indexes can be explained by both the use of a single T b value for the whole basin and the kinematic wave assumption in flat water surfaces.
b. Evaluation of water levels
The water level evaluation at 294 Envisat virtual stations gives a wide overview of model performance at the basin scale. Three performance coefficients have been used to evaluate simulated water levels: the correlation
coefficient (r), the tangent derived from a linear regression between simulated and observed signals (a), and the NS coefficient of unbiased water levels (NSA). The quantity NSA is defined as follows:
where x stands for the mean value of the simulated signals for the entire period. Similarly to NS, NSA ranges from 2' to 1, where 1 is the optimal case. The following correction has been applied to a:
In this sense, the optimal a value is one and any other result below unity means that the amplitude of one of the signals is overestimated or underestimated. As shown in Fig. 8 , good correlations between simulated and observed water levels are found in most of the main rivers. This indicates that the model can properly represent the water level interannual variations. The averaged r of 18 VS along the central and low Solimõ esAmazonas Rivers is 0.91, ranging from 0.83 (VS-36) to 0.96 . These results present improvements in comparison to previous model evaluations with radar altimetry data over the Amazon River (Coe et al. 2008) , where the averaged correlation between Ocean Topography Experiment (TOPEX)/Poseidon and water level simulations at eight VS along the same river reach is 0.70. About 54% of VS have r values greater than or equal to 0.75 and 58% have NSA values higher than or equal to 0.50. Most of these stations are located over main rivers with large drainage areas. As shown in Fig. 8 , virtual stations located in headwater catchments and on the western side of the basin, such as the Japurá River, the upper reaches of rivers draining the Andes and the lower Negro River, perform worse. The spatial distribution of coefficient a indicates that the amplitudes between simulated and observed water levels are in agreement in the Madeira and Branco Rivers and along the central Solimõ es and Negro Rivers. However, a significant discrepancy can be seen in other areas of the basin.
Water level errors in headwater catchments can be explained using arguments similar to those used for discharge error: mainly owing to meteorological forcing uncertainties at refined scales and simplified model physics. In other places, the degraded model performance (indicated by the low a coefficients) is also due to the application of a unique equation defining river geometry. Indeed, river width can have a great impact on water level amplitudes, as demonstrated in Getirana et al. (2012) . In some specific cases, such as the lower Amazon River, low a values do not prevent the model from obtaining very good performances in terms of discharge. For example, even if the virtual station VS-10 had a 5 0.48 (see Fig. 8 ), the simulated water discharge at Ó bidos station (located a few kilometers away) resulted in NS 5 0.89. The 1-month delay observed in the water discharge time series at the Caracaraí station is also evident in the simulated water levels at virtual stations along the Branco River (e.g., VS-227). This indicates that the hydrological regime of this basin might be controlled by surface water rather than groundwater, implying that a high volume of baseflow stored in the baseflow reservoir can cause a significant flood wave delay.
c. Evaluation of flow velocities
Previous regional and global flow routing schemes compute flow velocity assuming a time-independent y parameterized as a function of one or more river physical characteristics, including slope and mean discharge (e.g., Vö rö smarty et al. 1989; Miller et al. 1994; Sausen et al. 1994; Hagemann and Dü menil 1998) . Other approaches have used traditional equations such as the Manning formula (e.g., Arora et al. 1999; Decharme et al. 2012; Yamazaki et al. 2011 ) and adaptations of the Chezy formula (e.g., Coe et al. 2008 ). These models simulate water flow only in river banks, while floodplains (if represented) are considered as static reservoirs. HyMAP calculates flow velocities in both rivers and floodplains by using Manning's formula with roughness coefficients adapted to the land cover type. Results show that flow velocities along the Solimõ es-Amazon main stream vary from 0.8 to 1.6 m s 21 ,w i t hl o w e r values occurring between September and November and high values between March and May. These results are in agreement with other models based on similar formulations (e.g., Decharme et al. 2012; Yamazaki et al. 2011) .
However, observations at gauging stations reveal that y values are higher than those given by the model. According to Fig. 9 , simulated velocities are underestimated in large rivers, where the mean error e, computed as the ratio between mean simulated y sim and observed y obs flow velocities (e 5 y sim /y obs ) is less than 1. In some regions, such as the southern Amazon basin, mean simulated y values are overestimated (e . 1). These differences are mainly due to (i) the simplified representation of river geometry and (ii) errors in the forcing data. Water depth h is the only time-dependent variable in the Manning's formula, while the roughness coefficient n and river slope i r are constant. This means that changes in y is directly proportional to h.Ateachtimestepand grid cell, h is computed as a function of the river width W,l e n g t hL, and water storage S riv [Eqs. (4) and (5)]. Overestimated runoff and baseflow may result in higher water storage and, as a consequence, a higher h value. This explains the overestimation of both water discharge (RE . 0) and flow velocities (e . 1) at most gauging stations located in the southern Amazon basin (including Xingu, Tapajó s, and Madeira River basins), asonecanseeinFig.9. Figure 10 compares the spatial distribution of floodplains over the entire Amazonian basin from the model with the satellite-derived estimates for two distinct time periods: the dry (October 1995) and humid (June 1996) seasons. The simulated floodplain extent agrees with satellite-based estimates along the major river channels such as the Solimõ es, Amazon, Negro, Purus, and Madeira Rivers. However, differences are present in the Northern Negro and Branco River basins and southern Xingu River basin. Also, simulations show a very dispersed floodplain spatial distribution, which is not observed in the satellite-based estimates. These inconsistencies might be due to the model parameterizations and algorithms used to process satellite data, as discussed later in this section.
d. Evaluation of floodplain extent
Note that the visual comparison of flooded areas is not straightforward because of the discrepancy between the satellite product's rectangular grid and the model's unit catchment (as shown in Fig. 2b ). This means that, in some cases, a single unit catchment can represent surface areas corresponding to several satellite rectangular grid cells. This situation is most frequent in the main rivers, where large satellite-derived floodplain extents (e.g., Solimõ es-A m a z o nR i v e r si nt h ec e n t r a lA m a z o na r e a )a r er e p r esented by a few unit catchments. For these reasons, a comparison of time series of averaged flood extent at the basin scale is more suited for an evaluation purpose.
The simulated time series compared well with observations at the basin scale during the 1993-2004 period with NS 5 0.57, r 5 0.89, and RE 5 7%. In particular, the extreme events observed in 1997 and 1998, associated with El Niñ o and La Niñ a events, respectively (Fig. 11 ), are extremely well reproduced. However, note that the yearly maximum in simulated total flooded area is slightly overestimated when compared to observations, with larger discrepancies for 1999-2001. Moreover, model performance also varies regionally. For a more quantitative comparison, five other subregions are considered in order to evaluate the monthly averaged flooded areas over the 1993-2004 period: the central Amazonian floodplains (defined as the rectangle from 08S-548Wto88S-728W), and the Negro, Madeira, Xingu, and upper Solimõ es River basins. Among the five subregions defined within the Amazon basin, the best results were found for the Negro River basin, with relatively high correlation (0.85) and Nash-Sutcliffe coefficients (0.58), and low relative error (RE 52 11%). In the central Amazon basin-which includes the Amazon River and parts of the Solimõ es, Negro, and lower Madeira River basins-the seasonality is well represented (r 5 0.85), but the simulated flooded area is underestimated, on Differences between simulations and remote sensingderived estimates may be due to different sources of uncertainty. First, uncertainties in the model parameterization might explain a large part of the differences. Previous evaluations of global-scale flow routing schemes have shown that the floodplain extent is very sensitive to changes in river geometry and roughness coefficient (Decharme et al. 2012; Yamazaki et al. 2011) . Slightly reducing river depth and width can result in drastic increases in flooded areas, and vice versa. Inaccurate runoff and baseflow are other important sources of error in the flood extent simulation, over-or underestimating water stored in the river channels and, as a consequence, changing the floodplain dynamics. In addition, surface elevation errors, which are frequently found in current DEMs, can alter the relation (floodplain area 3 water level 3 water storage). The kinematic wave assumption can also impact the performance of simulated flood extent since it does not represent the backwater effects often present in certain locations of the Amazon basin. Fig. 11 , but for the monthly flooded area anomalies (mean seasonal cycle removed) and with the correlation (r) and the root-mean-square error (rmse) given for each series.
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However, Yamazaki et al. (2011) show little difference in the basin-scale flood extent when kinematic and diffusive wave approaches are compared, suggesting that the kinematic wave assumption might have only a second order influence on floodplain dynamics. On the other hand, the satellite-derived products can also be sources of uncertainties. Prigent et al. (2007) and Papa et al. (2010) showed that the algorithm developed to retrieve floodplain extent from satellites still has difficulties in detecting inland water bodies covering less than ;80 km 2 of 25-km equal-area grid cells and it still has the tendency to underestimate small surface water-covered areas with less than 10% fractional coverage. The actual floodplain areas can be larger than those used as the reference.
e. Analysis of the water storage components
The understanding of the spatiotemporal distribution of water storage is essential to improved water resource management. HyMAP can provide useful insights of water storage in the different surface reservoirs within grid cells (runoff and baseflow time delays and river and floodplain reservoirs). According to the model outputs, as shown in Fig. 13 , water is mainly stored in the runoff and baseflow (R1B) reservoirs at the basin scale, with a mean volume storage of 678 km Water stored in the central Amazon basin corresponds to 52% (765 km 3 ) of the total storage of the Amazon basin. This large volume is mainly stored in rivers, containing more than half (407 km 3 ) of the total water of this region. This is due to the large dimensions of the Amazon River and its tributaries within the selected area. In all other selected areas, R1B reservoirs store the main water volume.
In the Negro River basin, water storage in rivers has a low amplitude compared to the water stored in the floodplain reservoir. This means that, once water reaches the river network, floodplain water storage is highly sensitive to the wet seasons. However, the R1B reservoirs still represent the main water storage, with 57% (106 km 3 ) of the total runoff and baseflow produced in the basin. Floodplain water storage in the Madeira River basin is also sensitive to the wet seasons, with amplitudes higher than water storage in the rivers.
It must be highlighted that the water storage represented here corresponds to horizontal water fluxes only (i.e., runoff and baseflow). Other water reservoirs include soil moisture and precipitation intercepted by the vegetation canopy and are not discussed in this study. In addition, it should be noted that the values found here can vary significantly according to the parameter setting for river geometry. Figure 14 shows the annual cycles of simulated absolute water discharges in floodplains (Q fld )a n dfl o o d p l a i nriver discharge fractions (Q frc ) averaged over the entire Amazon basin and the other five regions previously defined in Fig. 10 . The Q fld peaks vary from one region to another, according to the hydrological regime. The Madeira and Xingu River basins, located in the Southern Hemisphere, have Q fld peaks in March-April. The Madeira River basin has the highest mean floodplain-river discharge fraction (Q frc 5 7.8%), with peaks above 15% representing more than 400 m 3 s
f. Water discharge in floodplains
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, while the Negro River basin, located in the Northern Hemisphere, has the highest water discharge in floodplains in July-August (;450 m 3 s
) and has the second highest Q frc ,w i t ha mean value of 7%, and peaks as high as 14%. The upper Solimõ es River basin is spatially distributed in both Hemispheres, resulting in peaks occurring in April-June. , resulting in a low Q frc value of 1.6%. In contrast, a previous study based on the Muskingum method (Richey et al. 1989 ) estimated that up to 30% of the discharge of the Amazon River is routed through the floodplains. However, to the knowledge of the authors, no observed floodplain discharge is currently available, and thus it is not feasible to confirm these estimates.
g. Evaporation from open waters
The total evapotranspiration from ISBA averaged over the entire Amazon basin is about 2.8 mm day . This rate is valid for the case where the basin surface area is completely covered with water during the entire study period. However, as discussed before, open waters in the basin represent 2%-5% of the total surface area, resulting in low mean E w values across the basin. As shown in Fig. 15 0.8% of the total water discharge produced in the basin). However, even if evaporation from open waters may not be significant compared to the water discharge in the Amazon basin, it has been shown that E w has a significant impact in the water balance in arid regions such as the Niger River basin (e.g., Decharme et al. 2012) .
h. Effects of floodplain dynamics on water discharge
To evaluate the effects of floodplain dynamics on water discharge, two experiments have been proposed: (i) no dynamics in flooded areas (NODYN) [y f 5 0 in Eq. (11)] (i.e., floodplains are merely considered as river overflow reservoirs, following the same approaches as those in current versions of ISBA-TRIP and CaMa-Flood) and (ii) floodplains are completely removed from the system (NOFLD) (i.e., water flows only through rivers). The previously presented model output is considered as the reference simulation (SIM). An evaluation is performed at four gauging stations along the Solimõ es-Amazon River (Ó bidos, Jaturana1Careiro, Manacapuru, and Tabatinga), as shown in Fig. 16 .
At Ó bidos, NS coefficients provided by NODYN (NS 5 0.84) and NOFLD (NS 5 0.78) are lower than those resulting from SIM. Flood waves are delayed by about 20 days at Ó bidos when water flow in floodplains is not considered. This is caused by the increased water storage in floodplain reservoirs, which smooths and delays the hydrographs. Increases in water storage in floodplains slightly increases E w rates and reduces volume errors (DV 5 4.9%) in comparison with SIM (DV 5 5.1%). The opposite effect is seen for NOFLD. Neglecting floodplains results in an 18-day advance of the flood wave provoked by a significant augmentation of water storage in rivers and therefore of water depths h and flow velocity y (as discussed in section 4d, the flow velocity y is directly proportional to h 
Conclusions
This paper presents the Hydrological Modeling and Analysis Platform (HyMAP), a new parameterization of horizontal water flow over continental surfaces capable of routing surface runoff R and baseflow B provided by LSMs in offline mode. The model is a result of the integration and improvement of known approaches described by previous state-of-the-art global FRS and new features suggested in this paper, which include the representation of time delays for both R and B, the use of the kinematic wave equation to route water in rivers and floodplains separately, and the evaporation from open waters.
HyMAP was run for the Amazon basin at the daily time step and a 0.258 spatial resolution. A full evaluation of main variables such as water discharge and level, floodplain extent, and flow velocity is performed against a large dataset of in situ observations and satellite-derived products. In addition, water discharge in floodplains, evaporation from open waters, storage in reservoirs, and impact of floodplain dynamics on simulated water discharges are presented and discussed.
Results show that the model simulates well the discharge and water levels in the main rivers of the Amazon basin, with an overall performance better than previous modeling attempts. Nevertheless, as discussed in this 
